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1. OBJECTIVE 
The ob jec t ive  is t o  conduct a n  i r r a d i a t i o n  s tudy of d r i f t - f i e l d  s o l a r  c e l l s  
( suppl ied  by NASA) with low energy protons.  
irradiated c e l l s  a r e  t o  c o n s i s t  of I-V curves and s p e c t r a l  response curves.  
The da ta  a re  t o  be analyzed with t h e  a id  of a t h e o r e t i c a l  s o l a r  c e l l  model. 
The experimental  d a t a  on the  
2. WORK SUMMARY 
An i r r a d i a t i o n  experiment w a s  made wi th  30 d r i f t - f i e l d  s o l a r  c e l l s  and 12 
uniform s o l a r  c e l l s  used a s  cont ro l  c e l l s .  The modif icat ions t o  t h e  i r r a d i a -  
t i o n  apparatus r e s u l t e d  i n  a very e f f i c i e n t  conduct of t h e  experiment and 
y ie lded  a l a r g e  q u a n t i t y  of I - V  curve d a t a  and s p e c t r a l  response d.ata.  The 
i r r a d l a t i o n  included 19 d r i f t - f i e l d  c e l l s  whLch were received on September 
27, the  f i rs t  day of t h e  i r r a d i a t i o n  experiment which continued u n t i l  October 1. 
I 
The c e l l s  were mounted on copper blocks which were a t t ached  t o  s i x  brass d i s k s .  
Leads were a t t ached  t o  the  c e l l s  and then  t o  a connector f o r  each d i s k .  The 
d i s k s  were i r r a d i a t e d  i n  vacuum and then  were removed f o r  t h e  t ak ing  of t he  
I - V  curves and t h e  s p e c t r a l  response measurements. Table 1 serves  t o  i d e n t i f y  
the  c e l l s ,  t h e i r  pos i t i ons  on t h e  d i sks ,  and the  proton energ ies  t o  whic;, they 
were i r r a d i a t e d .  Each I - V  curve o r  s e t  of s p e c t r a l  response d a t a  i s  i d e n t i -  
f i e d  by a code number which i s  made up from the  d i s k  number, t h e  run number, 
and t h e  c e l l - p o s i t i o n  number. For example, t he  code number, 16-6-4, refers 
t o  Disk 16, Run 6, and Cel l -Pos i t ion  4 .  
c e l l  t o  be a RCA 10-ohm-em c e l l  i r r a d i a t e d  with 1.04-Mev protons.  
b e r s  0,1,2,3,4,5,6, and 7, a re  assigned the  pro ton  f luences as given i n  Table 
2 .  The 10 d r i f t - f i e l d  c e l l s  received on September 27 were mounted on copper 
b locks  having t h e  des igna t ions ,  N75, N76, . . ., ~84. 
An inspec t ion  of Table 1 shows t h i s  
Run num- 
- 1 -  
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3. CONFORMANCE OR NON-CONFORMANCE TO SCHEDULE 
All of the  30 d r i f t - f i e l d  s o l a r  c e l l s  rece ived  from NASA have been i r r a d i a t e d  
and a considerable  quan t i ty  of da t a  i s  on hand. The ana lys i s  i s  proceeding 
s a t i s f a c t o r i l y  and, hence, t he  work i s  considered t o  be on schedule.  
4. ANALYSIS OF THE WORK 
A computer program has been worked out  t o  f i t  t he  modified diode equat ion  
J 
t o  f o u r  po in t s  on a n  I - V  curve: 
ob jec t ive  of t h e  program i s  t o  compute n, 
( I s c , O ) ,  ( I l , V l ) ,  ( 1 2 , V 2 ) ,  and ( O , V o c ) .  The 
and P and the  coordinates  of 
V ), are chosen t o  be on opposi te  s ides  of 
RS m a  
. The po in t s ,  ( I  , V  ) and ( I  
the  maximum-power po in t .  
s a t i s f a c t o r y ,  and i s  the re fo re  assumed t o  be good f o r  t he  o the r  d i s k s .  
'max 1 1  2' 2 
The f i t  to  t h e  I - V  curves obtained f o r  Disk 16 is  
Figure  1 shows the  I - V  curves obtained f o r  t h e  d r i f t - f i e l d  s o l a r  c e l l ,  T I  3-2, 
which w a s  i r r a d i a t e d  wi th  1.04-Mev protons on September 29. The I - V  curve f o r  
Run 0 i s  coded 16-04 and i s  a p r e - i r r a d i a t i o n  curve.  The I - V  curve €or  Run 7 
i s  coded 16-7-1 and i s  a p o s t - i r r a d i a t i o n  curve taken  on October 1. 
d a t i o n  of t he  I - V  curves with increas ing  proton f luence  i s  ev ident .  A f t e r  Eq .  
(1) w a s  f i t t e d  t o  f o u r  po in t s  on each I - V  curve,values of I and V were ca l cu la t ed  
i n  t h e  computer program t o  give the po in t s  shown f o r  t he  I - V  curves coded 16-0-1 
and 16-7-1. 
den t .  Figure 2 shows t h e  s p e c t r a l  response curves f o r  t h i s  d r i f t - f i e l d  c e l l  
f o r  d i f f e r e n t  proton f luences.  The o rd ina te  i s  the  r e l a t i v e  s h o r t - c i r c c i t  cur-  
r e n t  p e r  i nc iden t  photon. Experimental po in t s  are p l o t t e d  only f o r  the  curve 
coded 16-0-1 t o  show the  wavelengths which are t r ansmi t t ed  by each one df t he  
14 f i l t e r s .  
The degra- 
The good f i t  of t h e  empir ical  data ~ t o  the  a c t u a l  curves i s  e v i -  
- 2 -  
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Figures  3 and 4 show the  I - V  curves and s p e c t r a l  response curves f o r  the  
d r i f t - f i e l d  c e l l ,  T I  4-2. 
compared t o  the  25-micron d r i f t - f i e l d  reg ion  f o r  t h e  c e l l ,  T I  3-2. 
This c e l l  has a 12-micron d r i f t - f i e l d  reg ion  
Figures  5 and 6 show the  I - V  curves and. s p e c t r a l  response curves f o r  the 
uniform RCA N/P, lo-ohm-crn c e l l .  
Table 3 summarizes the I - V  curve data  as analyzed by the  computer program 
f o r  a l l  t h e  operable c e l l s  on Disk 16 i r r a d i a t e d  by 1.04-Mev pro tons .  It 
includes t h e  r e s u l t s  f o r  a Hoffman 10 ohm-cm N/P c e l l  i n  add i t ion  t o  t h e  c e l l s  
a1 ready mentioned . 
Figures  7-9 show the  r e l a t i v e  degradation of t he  s h o r t - c i r c u i t  cu r ren t  (Isc) 
of the  open-circui t  vo l tage  (V,,), and of t h e  m a x i m u m  power (P  ) f o r  t he  c e l l s  
T I  3-2, T I  4-2, and RCA 10-ohm-cm i r r a d i a t e d  wi th  1.Oh-Mev protons as func t ions  
of t he  pro ton  f luence .  Included f o r  each curve are t h e  i n i t i a l  values of t h e  
parameter involved. The l i g h t  source used f o r  t hese  measurements w a s  a n  0 . C  L . I .  
sun s imula tor  c a l i b r a t e d  with a s tandard c e l l  t o  g ive  140 mw/cm 
ment p o s i t i o n .  
m 
2 a t  the measure- 
From E a r l  Alexander of Texas Instruments ( T I )  it w a s  determined t h a t  c e l l  T I  3-2 
has about a 25 microndr i f t - f i e ld  region with about 3 orders  of magnitude Thange 
i n  impuri ty  atom d e n s i t y  i n  the  base l a y e r  while c e l l  T I  4-2 has a 12 micron d r i f t -  
f i e l d  reg ion  with about 4 orders  of magnitude change i n  impuri ty  atom d e n s i t y .  
Since t h e  range of a 1.04 MeV proton i n  s i l i c o n  i s  about 18 microns and the  d r i f t  
f i e l d  region cont r ibu tes  the g rea t e r  p a r t  t o  t h e  c e l l  response then  on a r e l a t i v e  
degrada t ion  b a s i s  T I  3-2 should degrade more than  T I  4-2. I n  o t h e r  words a 1.04- 
MeV pro ton  damages only and near ly  a l l  of t he  d r i f t  f i e l d  reg ion  i n  T I  3-2 while 
i n  T I  4-2 a good f r a c t i o n  of t he  damage i s  e n t i r e l y  outs ide  the  d r i f t - f i e l d  region.  
This  i s  v e r i f i e d  f o r  a l l  3 degradat ion curves.  However, on an  absolu te  b a s i s  c c l l  
T I  3-2, s ince  it has a l a r g e r  d r i f t - f i e l d  reg ion  o r  c o l l e c t i o n  volume and less 
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impuri ty  atom v a r i a t i o n ,  has a considerably h igher  i n i t i a l  Isc and Pm but  not 
Voc s ince  Voc 
impuri ty  atom concentrat ion.  I n  fact ,because of t h e  h igher  i n i t i a l  values 
of P f o r  c e l l  T I  3-2 s t ays  above c e l l  T I  4-2 out t o  
t he  h ighes t  p ro ton  f luence of 1.53 x 10 desp i t e  i t s  more r a p i d  re:.a- 
t i v e  degradat ion.  Cel l  T I  3-2 had a h igher  f i n a l  P than  RCA 10 and another  
Hoff'man 10 ohm-cm uniform c e l l  i r r a d i a t e d  a t  the  same time. 
5.  IIELIABILITY PROCEDURE3 
increases  wi th  decreasing d r i f t  f i e l d  s i z e  and inc reas ing  
and Isc, the  Isc and P m m 12 2 
p/cm 
m 
The i r r a d i a t i o n  and f luence-measuring apparatus  Mere modified t o  increase  the  
p r o b a b i l i t y  f o r  a success fu l  i r r a d i a t i o n  experiment. All vacuum bellows were 
omit ted wi th in  the  equipment. 
t u s  t o  t h e  vacuum system of the Van de Graaff a c c e l e r a t o r .  
o i l  d i f f u s i o n  pump connected d i r e c t l y  t o  the  1 0 - f t .  d r i f t  tube y i e lded  a pres-  
s u r e  of 5 x 10 t o r r  a t  the  center  of the d r i f t  tube i n  less than  10-min. 
The apparatus  gave a n  easy  accurate  alignment o p t i c a l l y  and then  with the  
p ro ton  beam. A quar tz  d i s k  having a conducting r i n g  served t o  s imultaneously 
view the  unscat tered beam s p o t  and beam cur ren t .  This arrangement p lus  a TV 
camera and a beam-current meter allowed the  Van de G r a a f f  opera tor  t o  rap id ly  
a d j u s t  t h e  pro ton  beam a t  the  four  d i f f e r e n t  energ ies  which were employed. 
On t h e  way t o  the  i n s u l a t e d  s o l a r - c e l l  d i s k  t h e  s c a t i e r e d  protons passes  through 
a de f in ing  ape r tu re  which was maintained a t  a negat ive b i a s  t o  s t o p  secondary 
e l e c t r o n s  from pene t r a t ing  it. Before the  s c a t t e r e d  beam was admit ted t o  the  
s o l a r - c e l l  d i s k  the  s c a t t e r e d  proton cu r ren t  d e n s i t y  was measured with a n  in -  
s u l a t e d  p l a t e  i n s e r t e d  between the ape r tu re  and the  s o l a r  c e l l  d i s k .  The i n -  
s u l a t e d  p l a t e  contained f o u r  in su la t ed  quadrants .  If the  cu r ren t s  t o  t h e  f o u r  
quadrants  were not q u i t e  equal,  the end of t he  d r i f t  tube was moved s l i g h t l y  
t o  equal ize  them. I n i t i a l  checks showed t h a t  the  cu r ren t  t o  the  s o l a r - c e l l  d i sk  
w a s  equal  t o  the  sum of the  cur ren ts  t o  the  fou r  quadrants .  
\ 
One bellows had t o  be used t o  connect t he  appara- 
A 4-inch diameter  
-6 
Checks were made p e r i o d i c a l l y  on the I - V  p l o t t e r  with a d i s k  conta in ing  fou r  
u n i r r a d i a t e d  s o l a r  c e l l s .  For  only one d i sk ,  Disk 15 ,  were t h e r e  found s m a l l  
changes i n  t h e  output  of t he  O . C . L . I .  s o l a r  s imula tor  and the  s t a b i l i - t y  was 
improved by rep lac ing  the  xenon bulb.  
- 4 -  
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The f i l t e r - w h e e l  spectrometer  w a s  automated t o  change the f i l t e r s  a t  the  
end of each d a t a  p r in t -ou t  on a d i g i t a l  recorder  b u t  w a s  c a r e f u l l y  watched 
f o r  malfunctions during the  da t a  taking.  The e x c e l l e n t  cons is tency  of t h e  
da t a  i n  successive or repeated measurements served t o  check on t h e  perform- 
ance of t he  f i l t e r - w h e e l  spectrometer.  Background measurements were used 
t o  c o r r e c t  t he  r a t i o s  of t he  s h o r t - c i r c u i t  cu r ren t s  from t h e  i r r a d i a t e d  c e l l  
t o  t he  reference c e l l  were corrected.  I n  t h i s  case two l i k e  vol tage- to- f re -  
quency converters  were employed on t h e  0 .1  v o l t  s c a l e s  ( 0 . 1  v o l t s  g ives  
100,000 cycles/sec)  t o  measure the  s h o r t - c i r c u i t  cu r ren t s  through 20-ohm 
r e s i s t o r s .  
5000 counts from the  re ference  c e l l .  
The counts f o r  t he  i r r a d i a t e d  ‘ c e l l  w a s  measured each t i m e  f o r  
6 .  ADEQUACY OF FUNDS 
The funds s t i l l  remaining under the c o n t r a c t  should be  adequate f o r  a c a r e f u l  
data ana lys i s  on the  s o l a r  c e l l s  which have a l r eady  been i r r a d i a t e d  b u t  not 
enough t o  i r r a d i a t e  more c e l l s  and perform an  a d d i t i o n a l  a n a l y s i s .  
7. CHANGES I N  PERSONNEL 
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J .  De Pangher 
D.  L.  Crowther 
E .  A. Lodi 
H .  E. Po l l a rd  
R .  A.  Breuch 
G .  D. Jones 
G .  N .  B i ren  
S t a f f  S c i e n t i  s t 
Research S c i e n t i s t  
Senior  S c i e n t i s t  
Senior  Thermodynamics Engineer 
Thermodynamic s Engine e r 
Research Laboratory Analyst  
Research Laboratory Analyst  
Van de Graaff opera tors  
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8 .  FUTURF: WORK 
The data ana lys i s  w i l l  continue w i t h  t h e  reduct ion  of t h e  o r i g i n a l  data 
t o  a more u s e f u l  form f o r  presenta t ion  i n  the  f i n a l  r e p o r t  and f o r  ana lys i s  
wi th  the  t h e o r e t i c a l  s o l a r  c e l l  model. 
- 6 -  
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FIGUm CAPTIONS 
Figure 1 Current-voltage curves f o r  t he  d r i f t - f i e l d  s o l a r  
Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
c e l l ,  T I  3-2 
S p e c t r a l  response curves f o r  the  d r i f t - f i e l d  s o l a r  
c e l l ,  T I  3-2 
Current vol tage curves f o r  the  d r i f t - f i e l d  s o l a r  c e l l ,  
T I  4-2 
S p e c t r a l  respcnse curves f o r  t he  d r i f t - f i e l d  s o l a r  c e l l ,  
T I  4-2 
Current-voltage curves f o r  the  uniform RCA 10-ohm-cm N/P 
s o l a r  c e l l  
Spectral-response curves f o r  t he  uniform RCA 10-ohm-em 
N/P s o l a r  c e l l  
t h ree  i r r a d i a t e d  s b l a r  c e l l s  
Degradation o f  the r e l a t i v e  open-c i rcu i t  vo l tages  f o r  
t h ree  i r r a d i a t e d  s o l a r  c e l l s  
Figure 7 Degradation o f  the r e l a t i v e  s h o r t - c i r c u i t  cu r ren t s  f o r  
Figure 8 
Figure 9 Degradation o f  the r e l a t i v e  maximum powers f o r  t h r e e  
i r r a d i a t e d  s o l a r  c e l l s  
- 7 -  
LOCKHEED MISSILES & SPACE COMPANY 
80 
70 
60 
50 
\ 
1 20 
* 10 
P 
. " 0  
I I 1, t 
VOLTS 
FIGURE 1 
I I I I 
I 1 I I 
rl 
rl 
0 
80 
70 
60 
550 
( 
40 
20 
10 
0 
0 *1 
. .  
I .  : . -  
I F  
I , : 
! .  . .. 1 
I -  
, " 
, .  
BO 
70 
0 
RCZ 10 ohm-cw 
1, & M ~ V  protons 
1’ 
1 1 v\ . 
2, m 
. 
I 
I I I I I I 1 
4 
'-T----' n 
(I] 
> 3 
m 
0 
. co 
0 
t- 
0 
\13 
0 
? 
0 
A- m 
0 0 
.? 
* 
1 I I I I 1 
rl 
u3 
(u 
.. 
Y 
M 
0 
r-4 
a 
LlST OF TABLES 
Table 1 I d e n t i f i c a t i o n  of t he  S o l a r  Cells 
Table 2 Cor re l a t ion  of Proton Fluences and Code Numbers 
Table 3 Computer Analysis of I - V  data f o r  S o l a r  Ce l l s  
Mounted on Disk 16 and Irradiated by  1.04 Mev 
Protons 
- 8 -  
LOCKHEED MISSILES & SPACE COMPANY 
TABLE 1 
IDENTIFICATION OF THE SOLAR CELLS 
PROTON 
CELL BLOCK ENERGY DISK POSITION 
13 1 
2 
3 
4 
5 
6 
7 
a 
U 
9 
E-33-lA N 3  2.53Mev 
E-33-2C N 4  
H-76 N10 ( 
H-105 N12 
72 N 1 7  
82 N l 9  
H-10 R cm 19 
~ - i i 0 ( 1 0   cm) ~ 2 2  
E l  6 ? e m  50 ( 2) 
15 1 
2 
E-34-2D 
E-35-4A 
H-98 
H-106 
76 
85 
H-10 R cm 
H-1 R cm 
RCA 10 S2 cm 
~ - 
N 5  1.04 Mev 
N 6  
N 1 1  
N 1 3  
~ 1 8  
34 
37 
N2 3 
N20 
16 1 T I  3-2(25) N76 1.04 Mev 
2 T I  4-2( 12) N79 
3 E-54-9b N82 (l) 
4 RCA 10 R cm N24 
5 HOFF 10 R cm A 
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TABU 1 (Cont 'd . )  
IDENTIFICATION OF THE SOLAR CELLS 
PROTON 
CELL BLOCK ENERGY DISK POSITION 
14 1 H-61 N 7  .470 ke v 
2 56 N 1 4  
H - 1 0  0 em 3 
H-1 R em 4 
27 
33 
5 TI 3-3 (25) N77 
7 E-54-8a ~ 8 1  
6 T I  4-1 (12)  N78 
10 1 
2 
3 
4 
5 
6 
7 
8 
9 
E-33-3A 
E - 3 3 -2A 
H-68 
H-75 
62 
64 
H - 1  R em 
H - 1 0  R em 
H-109 (10 R cm) 
N 1  *221 kev 
N2 
N 8  
N 9  
N15 
~ 1 6  
25 
45 (3 )  
N2 1 
17 1 T I - 3 - 1  (25) N75 ,221 kev 
2 T I  4-3 (12) w80 
3 E-55-3b N83 ( 
4 E-55-lc N84 
5 HOFF 10 R cm B 
6 H O P  10 R em D 
(') This  c e l l  was found t o  have a very low e f f i c i e n c y  and was not measured 
( 2 )  A s m a l l  crack i n i t i a l l y  present  i n  t h i s  c e l l  g radua l ly  became worse and 
r e s u l t e d  i n  a corner  breaking of f  before  the  i r r a d i a t i o n  was completed. 
However, a complete s e t  of I - V  curves and s p e c t r a l  response mexsurements 
w e r e  taken on t h i s  c e l l .  
f u r t h e r  . 
, 
(3)  Corner with lead a t t ached  t o  it broke o f f  sometime a f t e r  Run 3 w a s  completed. 
LOCKHEED MISSILES & SPACE COMPANY 
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TABLE 2 
COIIRELATION OF PROTON FLUENCES* AND CODE NUMBERS 
Proton Proton 
Code Energy Code Energy 
** 
2 
Numb e r (MeV) P/cm Number (MeV) p/cm 
13-0-x 
13-1-x 
13 -2 -x 
13-3-X 
13-4-X 
13-5-X 
13-6-x 
13-7-X 
2.53 0 .0  (0) 
8 .4  (9)  
7.9 (10) 
4.7 (11) 
2.0 (12) 
2.0 (12) 
2.4 (10) 
2.4 (11) 
15 -0-x 
15-1-x 
1 5  -2 -x 
15-3-X 
1 5  -4 -X 
1 5  -5 -X 
15-6-x 
7-u 
-/ 
1.04 0.0 (0)  
8 .2  (9)  
8.0 ( i o )  
4 .7  (11) 
2.4 (10) 
2.4 (11) 
1.4  (12) 
1 .4  (12) 
~ 
16-0-x 
16-1-x 
16-2-x 
16- 3 -x 
16-4 -x 
16-5-x 
16-6-x 
16-7-x 
14-0-X 
14-1-X 
14 -2 -X 
14-3-X 
14-4-X 
1 4 - 5 - X  
14-6-x 
14-7-X 
.470 0.0 (0) 
8.0 (9)  
9.8 (10) 
4.7 (11) 
2.4 (10) 
2.4 (11) 
1.4 (12) 
1.4 (12) 
10-0-x .221 0.0 (0) 17-0-x .221 0.0 (0)  
10-1-x 7.8 (9) 17-1-x 7.7 (9)  
io-3-x 7.9 (10) 17-3-X 7.9 (10) 
io-6-x 1 .2  (12) 17-6-x 1 . 2  (12)  
io-7-x 1 . 2  (12) 17-7-X 1 . 2  (12)  
10-2-x 2.4 ( io )  17-2-x 2 .4  (10) 
10-4-X 2.4 (11) 17-4-X 2.4 (11) 
* 
Number enclosed i n  parentheses  gives exponent of 10. 
Code numbers l o - 5 - X  and 17-5-X were not used because t h e  i r r a d i a t i o i i  
was not s topp d f o r  measurements on the  c e l l s  a t  a pro ton  f luence of 
4 . 7  (11) p/cm 
** 
5 as o r i g i n a l l y  planned. 
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